The impact of land use on the global carbon cycle and climate is assessed. The Bern carbon cycle-climate model was used with land use maps from HYDE3.0 for 1700 to 2000 A.D. and from post-SRES scenarios for this century. Cropland and pasture expansion each cause about half of the simulated net carbon emissions of 188 Gt C over the industrial period and 1.1 Gt C yr −1 in the 1990s, implying a residual terrestrial sink of 113 Gt C and of 1.8 Gt C yr −1 , respectively. Direct CO 2 emissions due to land conversion as simulated in book-keeping models dominate carbon fluxes due to land use in the past. They are, however, mitigated by 25% through the feedback of increased atmospheric CO 2 stimulating uptake. CO 2 stimulated sinks are largely lost when natural lands are converted. Past land use change has eliminated potential future carbon sinks equivalent to emissions of 80-150 Gt C over this century. They represent a commitment of past land use change, which accounts for 70% of the future land use flux in the scenarios considered. Pre-industrial land use emissions are estimated to 45 Gt C at most, implying a maximum change in Holocene atmospheric CO 2 of 3 ppm. This is not compatible with the hypothesis that early anthropogenic CO 2 emissions prevented a new glacial period.
Introduction
Past and current land use and land use changes (LULUC) contribute to the ongoing anthropogenic climate change (Forster et al., 2007) . LULUC activities continue to cause large emissions of carbon dioxide (Houghton et al., 1983; McGuire et al., 2001; Achard et al., 2002; DeFries et al., 2002; Houghton, 2003) and other greenhouse gases (Strengers et al., 2004) to the atmosphere and alter surface properties such as albedo and water vapour exchange (Feddema et al., 2005; Sitch et al., 2005) . Presently, about 40% of the world's vegetated land surface (excluding deserts, barren and ice-covered land) is used as cropland or pasture (Klein Goldewijk, 2001) . While land use change has many socio-economic and climatic consequences, here, we are interested in the impact of LULUC on the global carbon cycle and atmospheric CO 2 and CO 2 related climatic changes over the industrial period and the future. such simulations, since no correction is made for the increasing area under cultivation, where carbon turnover is faster and sink capacity reduced compared to area covered by forests (Gitz and Ciais, 2004) . This limitation can be overcome by endogenous modelling of LULUC processes based on spatially explicit land use maps. Previous global studies taking this approach used terrestrial models either forced by prescribed climate fields and atmospheric CO 2 (McGuire et al., 2001) or run as a module in coupled carbon cycle-climate model (e.g., Leemans et al., 2002; Sitch et al., 2005; Brovkin et al., 2006) . Except Leemans et al. (2002) , these studies considered changes in cropland and neglected the impact of changes in pasture area.
These studies highlight the importance of accurate spatially explicit fields that describe the spatio-temporal evolution of the area under land use for assessing LULUC impacts. Such maps have recently become available for cropland (Ramankutty and Foley, 1999) and for cropland, pasture and built-up area (Klein Goldewijk, 2001 Klein Goldewijk and van Drecht, 2006) for the industrial period. Land use maps are also part of the output of some integrated assessment models used to develop mitigation and non-mitigation emission scenarios (Nakićenović and Swart, 2000; Strengers et al., 2004; Riahi et al., 2007) for the 21st century. In combination, these products provide the opportunity to study the evolution of land use, atmospheric CO 2 and climate over the industrial period and this century in a consistent way (Strengers et al., 2004) .
Recently, a new set of emission scenarios have become available that incorporate the latest progress in scenario development (Riahi et al., 2007) . In addition to these plausible scenarios, IPCC illustrates in its Fourth Assessment Report inertia in the climate system by analysing the commitment of past and 21st century emissions on future climate (Meehl et al., 2007) . In these commitment scenarios either radiative forcing is kept at the value reached in year 2000 (or year 2100), or emissions are instantaneously reduced to zero in 2000 (or 2100). In none of these analyses, the inertia of LULUC processes has been addressed.
Here, we apply the Bern Carbon Cycle-Climate (BernCC) model (Joos et al., 2001; Gerber et al., 2003 Gerber et al., , 2004 Joos et al., 2004 ) that includes the Lund-Potsdam-Jena Dynamic Global Vegetation Model (LPJ-DGVM) (Sitch et al., 2003) comple- Fig. 1 . Left-hand side: global land use area for past 300 yrs and scenarios A2, B1 and B2. Right-hand side: CO 2 emissions from fossil fuel use and cement production estimated for the industrial period (Marland et al., 2006) and projected for this century for the IIASA scenarios A2, B1 and B2. mented with a new module describing LULUC processes to address a range of LULUC related research questions. The most recent maps from the History Database of the Global Environment (Klein Goldewijk and van Drecht, 2006) and from the most recent post-SRES scenarios from the Institute of Applied System Analyses (Riahi et al., 2007) are used to force the BernCC model. The BernCC model is cost-efficient, allowing us to perform a complete set of sensitivity simulations used to disentangle qualitatively different processes contributing to the LULUC impact and to quantify their relative importance over time.
The goals of this study are: (i) to estimate carbon emissions from LULUC over the industrial period and the past decades in the BernCC model framework, thereby contributing to the ongoing assessment of the magnitudes und uncertainties of LULUC induced carbon fluxes; (ii) to make an appraisal of the potential impact of pre-industrial LULUC on atmospheric CO 2 and climate; (iii) to project atmospheric CO 2 and climate in three new scenarios for 21st century land use and emissions of CO 2 and other anthropogenic forcing agents; (iv) to quantify the different environmental feedbacks and interactions of LULUC with past and future atmospheric CO 2 employing a range of factorial model experiments and (v) to assess the impact of past LULUC on future atmosphere-land carbon fluxes, atmospheric CO 2 , and climate. We invoke the concept of a land use commitment to characterize this impact.
Methods
Sections 2.1 and 2.2 describe the boundary conditions used to drive the simulations (Fig. 1) . These include estimates of past LULUC and scenarios of LULUC and industrial emissions for this century. The data provided by other research groups were processed for use within BernCC as detailed below. Sections 2.3-2.5 explain key model features and simulation procedures. Section 2.6 describes an analytical framework for decomposing the impact of LULUC into qualitatively different processes.
Land use data
The HYDE database (version 3.0) from Klein Goldewijk and van Drecht (2006) describes the geographically explicit evolution of Tellus 60B (2008), 4 croplands, of pastures and of urban (built-up) areas for the period from 1700 to 2000. The urban land class was not included in the previous HYDE2.0 database (Klein Goldewijk, 2001 ). The HYDE data have a resolution of 5 arcmin in space and of 10 yr in time. For the future, the Land Use Change (LUC) group at IIASA has developed maps of cropland and built-up area for a range of (updated, post-SRES) emissions scenarios based on the SRES storylines (Tubiello and Fischer, 2006) . The land use distribution for year 2000 is derived from remote sensing satellite products from the National Oceanic and Atmospheric Administration Advanced Very High Resolution Radiometer (NOAA-AVHRR) and from the Global Land Cover Project (GLC2000) (Tubiello and Fischer, 2006) . A map is supplied for each decade until 2100 based on global food demand and supply simulations with IIASA's linked agroecological zones (AEZ) model and world food system (BLS) model (Tubiello and Fischer, 2006) . Data are given as cropland and built-up area fractions for each grid cell of 0.5
• × 0.5
• . The evolution of pasture is not specified by the IIASA data.
The data are aggregated onto the BernCC model grid of 3.75
• longitude by 2.5
• latitude. The area fractions occupied by pasture p, cropland c and built-up area b (identified with the urban class in HYDE3.0) are specified for each cell. Only the net land use changes on the grid cell level are modelled. Consequently, when new land is claimed while used land is abandoned within the same aggregated cell, the model 'sees' a net change smaller than the area experiencing land use change. In this way, about 15% of gross land use change is masked by the aggregation. The corresponding bias to carbon fluxes should be smaller, since losses from reclaimed land will be partly compensated by regrowth on abandoned land. The total land area in the coarse model grid is slightly smaller than that of the original map. Land use area was conserved in the aggregation to prevent a bias on the rates of land use change. Consequently, the percentage of the global land cover under land use is increased in the process (37% instead of 33% in 2000 A.D.).
The land use data from HYDE3.0 and IIASA are combined into a land use evolution that exhibits a seamless transition between the HYDE and IIASA data sets, as discontinuities would lead to spurious carbon fluxes. The land use distribution for year 2000 is well established from satellite data and ground truth and is kept unchanged in the combined land use data set. The IIASA scenarios, consistent with the year 2000 data are also used without further modification. The HYDE data for the past, which are more uncertain than the present land use map, are adjusted to blend in with the IIASA data at year 2000. Test simulations with the original HYDE3.0 data yield very similar results with respect to global carbon fluxes and climate as the simulations with the adjusted data. The specific adjustment procedure is as follows.
The cropland fraction c is calculated as
Thus, the spatial pattern is taken from the IIASA map at 2000, and the history of each cell is scaled according to the HYDE data. The minimum condition is necessary because in some cells, cropland has a maximum in the past which may become greater than unity when scaled with the IIASA map of 2000. In cells where cropland exists in the IIASA map but not in the HYDE map, this approach is not applicable. Here, the latitudinally nearest cropland cell from HYDE was used for scaling. A similar procedure was applied for cells with built-up areas in both data sets,
where b is restricted to the area not already occupied by c. Builtup areas are sparse and the scaling procedure applied to cropland could not be used for cells lacking built-up areas in HYDE. Instead, these cells were scaled using average HYDE built-up densities, calculated on a very coarse grid of 30 × 30 degrees to capture the basic differences in the timing of development. The evolution of pasture was taken directly from the HYDE3.0 data, as the IIASA data do not contain information about pastures
again with the condition that the combined area fractions c + b + p do not exceed unity. For times later than 2000, the same formula is used with p HYDE = p HYDE (2000) . In other words, pastures remain in continued use unless space is required for cropland or built-up area. We resort to this not very plausible assumption due to the lack of future scenarios of pasture development. This is clearly a limitation that should be addressed in future studies. The projected net change in the total area under land use (crop, pasture, built-up) is about 15% smaller than the net change in cropland area. Often new cropland is assumed to be established on pasture land to meet the requirement that total land use area does not exceed the grid cell area. Figure 1 shows the development of the global cropland and built-up area and of pasture for the industrial period and for the IIASA scenarios A2, B1 and B2.
Emission and land cover scenarios
Emission scenarios for the SRES storylines A2, B1 and B2 were developed at IIASA, running the MESSAGE model and the DIMA model in a coupled mode (Rokityanskiy et al., 2006; Riahi et al., 2007) . The DIMA and MESSAGE models simulate forestry activities and related carbon fluxes based on demand and prices for wood for energy and other uses. For each storyline, a baseline case (no climate specific policy measures) and a mitigation case (includes climate policy) has been simulated. Forestry for wood production is expected to have a small net effect on the carbon budget in the baseline scenarios, as harvest tends to be compensated by regrowth (Houghton, 2003) . In the mitigation cases, important carbon uptake fluxes are simulated by DIMA as a result of forest management for carbon sequestration and bioenergy production. The BernCC model does not include formulations for forest management nor bioenergy production, and cannot therefore reasonably represent the mitigation scenarios. Accordingly, we use the baseline scenarios, where DIMA and BernCC are broadly comparable. Global land use area for each scenario including the historical period is given in Fig. 1 .
MESSAGE calculates decadal industrial emissions of the major radiative forcing agents or precursors based on quantifications of the SRES storylines in terms of economic growth, population growth and technological change (Messner and Schrattenholzer, 2000) . Here, the industrial emissions of CO 2 (Fig. 1) , CH 4 , N 2 O, NO x , CO, VOC, SO 2 , CF 4 , C 2 F 6 , SF 6 , HFC125, HFC134a, HFC143a, HFC227e and HFC245c from MESSAGE and the spatio-temporal evolution of land cover are prescribed in the BernCC model to calculate atmospheric concentrations, radiative forcing, and climate change for the post-SRES baseline scenarios A2, B1 and B2. The industrial CO 2 emissions from these scenarios are shown in Fig. 1 , together with historical emissions from Marland et al. (2006) . These post-SRES scenarios are similar to the corresponding IPCC SRES scenarios and span a range of projections comparable to the set of illustrative SRES scenarios (Prather et al., 2001 ).
Model
The BernCC model is a cost-efficient carbon cycle-climate model. It includes chemistry, radiative forcing, climate and carbon cycle modules to simulate the evolution of CO 2 and other radiative agents and climate. A detailed model description can be found elsewhere (Joos et al., 2001 ). The BernCC model has been applied in a range of studies to investigate the coupling between the carbon cycle and climate change both in the past and in the future and over decadal to millennial time scales (Joos et al., 2001; Gerber et al., 2003 Gerber et al., , 2004 Edmonds et al., 2004; Joos et al., 2004; Köhler et al., 2005) . The BernCC model and its variants have also been used to project atmospheric CO 2 in the Second (Schimel et al., 1996) , Third and Fourth (Meehl et al., 2007) Assessment Report of IPCC. Here, the BernCC model has been extended by implementing formulations for LULUC as described in Section 2.4. The model's climate component is an impulse responseempirical orthogonal function (IRF-EOF) substitute of the ECHAM3/LSG (Cubasch et al., 1997) driven by radiative forcing. We do not consider the range of different and newer AOGCM behaviours as summarized e.g. in Meehl et al. (2007) . Some models exhibit additional strong climate-carbon cycle interactions (e.g. drying of the Amazon region). We regard this limitation as not critical for the focus of this study, the role of LULUC for the carbon cycle, which does not show a strong dependence on climate change (see Section 3.6). The equilibrium climate sensitivity is set to 2.5
• C for a doubling of atmospheric CO 2 .
Atmospheric loading and radiative forcing are calculated from emissions using parametrized expressions derived from complex models (Prather et al., 2001 ). The carbon cycle module simulates the redistribution of CO 2 within the Earth system. It consists of a well-mixed atmosphere, the High-Latitude Exchange/Interior DiffusionAdvection (HILDA) ocean model (Joos et al., 1996; Siegenthaler and Joos, 1992) , and the Lund-Potsdam-Jena Dynamic Global Vegetation Model (LPJ DGVM) (Sitch et al., 2003) .
The LPJ DGVM is widely used by the community and has been applied in a range of studies investigating changes in the terrestrial system (e.g. McGuire et al., 2001; Sitch et al., 2003 Sitch et al., , 2005 Bondeau et al., 2007; Mikolajewicz et al., 2007) . LPJ simulates changes in vegetation distribution, terrestrial pools and fluxes of carbon and its stable isotope ( 13 C), and the terrestrial water balance. In the BernCC model framework, LPJ is driven interactively by the simulated atmospheric CO 2 and spatial fields of temperature, precipitation and cloud cover.
The version used in BernCC simulates the distribution of nine natural plant functional types (PFTs) based on bioclimatic limits for plant growth and regeneration and plant specific parameters that govern plant competition for light and water. There are six carbon pools per PFT, representing leaves, sapwood, heartwood, fine roots, aboveground and belowground litter, and two soil carbon pools, which receive input from litter of all PFTs. Photosynthesis is modelled using a form of the Farquhar scheme (Farquhar et al., 1980) with leaf-level optimized nitrogen allocation (Haxeltine and Prentice, 1996) and an empirical convective boundary layer parametrization (Monteith, 1995) to couple the carbon and water cycles. Decomposition rates of soil and litter organic carbon depend on soil temperature (Lloyd and Taylor, 1994) and moisture (Foley, 1995) . Fire fluxes are calculated from litter moisture content, a fuel load threshold, and PFT specific fire resistances. Soil texture classes are assigned to every grid cell (Zobler, 1986) , and the soil hydrology is simulated using two soil water layers. The light routine has been revised as detailed in the appendix compared to the version described by Sitch et al. (2003) and used in earlier applications of the BernCC model. The spatial resolution of the LPJ-DGVM is set to 3.75
• × 2.5
• ; this coarse resolution version yields practically identical results as a version with a resolution of 0.5
• (Mueller and Lucht, 2007) .
Implementation of a land use module in LPJ-DGVM
Each grid cell of LPJ is split into fractions reserved for natural vegetation, agriculture including cropland and pasture, and builtup areas.
Fractions change over time according to the spatio-temporal evolution of land cover (Section 2.1). This fractional approach is advantageous, because it permits the continuous adjustment of the area under land use as opposed to the often used approach where a cell is either entirely under land use or entirely natural Tellus 60B (2008), 4 vegetation. It also allows to differentiate between built-up area and other forms of land use.
Natural vegetation is simulated as in the original LPJ, the only difference being that it is restricted to the area fraction of each cell not reserved for land use. Consequently, the PFT distribution on the natural cell fraction is not prescribed externally, but dynamically simulated. While this approach is limited in the accuracy of past land cover representations, it offers the advantage that the effect of future vegetation changes in response to changing climate and CO 2 (e.g., biome shifts) is captured by the model.
It is often assumed that pastures are preferentially claimed from natural grasslands (e.g. Houghton, 1999) . Preferential conversion of grasslands within a single cell cannot be reconciled conceptually with the approach of LPJ, which represents natural vegetation as a mixture of PFTs. This may lead to an overestimation of CO 2 emissions due to pasture expansion (cf. Section 4).
Cropland and pasture are represented by the natural grass PFTs (C3 or C4 depending on climatic conditions). Tree PFTs and fires are excluded from the agricultural cell fraction. Bondeau et al. (2007) have recently developed a suite of different PFTs representing different agricultural crops. Specific crop PFTs only slightly affect the net carbon balance, which is the focus of this study. Thus it is adequate to our purpose to use grass PFTs instead. On built-up area, plant growth is suppressed. The carbon and water cycles and plant growth on each cell fraction are independent. Interactions among cell fractions occur only when land is converted from one category to another. Figure 2 illustrates the changes in carbon and soil water pools resulting from conversion of natural land to pasture or cropland. The content of the natural pools only changes in proportion to the area lost and the carbon and water densities within the natural areas remain unchanged. The fraction of carbon and water previously allocated on the converted natural land is transferred to the land use fraction and to product pools. The carbon and water densities on used land are adapted taking into account the expansion in area and the input from the converted natural land (arrow A). Carbon in leaves and roots from converted natural land is transferred as slash and dead organic carbon to the litter pools, whereby the combined mass of carbon in leaves, roots and litter compartments is conserved. In contrast to book-keeping models, the fate of litter and soil carbon input from land conversions is not prescribed explicitly (e.g. by response functions), but governed by LPJ's parametrizations of organic matter decay, which depend on soil moisture, air, and soil temperature.
Carbon in heartwood and sapwood is removed and 25% is directed to the atmosphere and 75% by equal parts to two product pools (arrow B). Carbon in the product pools decays exponentially with an e-folding time of 2 and 20 yr, respectively. This product routing scheme is the same as in the DIMA model. It neglects differences in harvesting practices and wood extraction among different regions (Houghton, 1999) . However, the details of the product pools are not critical for our decadal-to- century scale analysis of LULUC and climate. The same procedure is applied for the conversion of natural land to built-up area.
Abandonment of used land is modelled analogously, except that no wood products are generated. Abandoned land is merged with natural land, whereby in the case of forest growth, no distinction between primary and secondary forests is made.
As the focus of this study is on the terrestrial carbon balance, changes in albedo and the coupling of the terrestrial water cycle and climate are not modelled. The radiative forcing related to albedo changes in response to LULUC is small compared to the radiative forcing by greenhouse gases (Forster et al., 2007) . The coupling of the terrestrial water cycle and the atmosphere can lead to significant changes in local to regional climate (Seneviratne et al., 2006) and caution must be used when interpreting regional changes in LPJ. However, fully coupled simulations with the state-of-art NCAR Community Climate System Model yield a relatively small impact of this coupling on simulated global climate change (Feddema et al., 2005) . Table 1 . Simulated net biospheric uptake in Gt C. Shown are integrated fluxes over the historical period, and the 21st century for scenario A2 and A2 with land use area kept constant after 2000 A.D. ('A2 commitment'). Results are for simulations with natural vegetation ('no LU'), with prescribed pasture, cropland and built-up area ('LU'), and with prescribed cropland and built-up area ('no pasture'). Model settings are indicated in the first three columns. The simulations with simulated and prescribed CO 2 yield identical results when both CO 2 fertilization and climate change are shut off (bottom row 
Simulation protocol and spin-up
In the standard setup, the BernCC model is forced with land cover data for cropland, pasture, and built-up area and emissions of CO 2 and of other radiative agents and precursor substances. Data-based emission estimates are used for the industrial period (Fuglestvedt and Berntsen, 1999; Joos et al., 2001 ) and projected emissions for the IIASA A2, B1 and B2 scenarios. For the assessment of the impact of land use on the carbon cycle, on CO 2 and climate, simulations with land use are compared to corresponding baseline simulations without land use.
A range of sensitivity simulations were performed to quantify the importance of individual processes on the impact of land use on carbon fluxes and climate variables (Table 1 provides the results for scenario A2; corresponding results for scenarios B1, B2 are given in Table 7 ). Many previous studies using spatially explicit land use data considered only the evolution of cropland (e.g. McGuire et al., 2001; Brovkin et al., 2004) , but not changes in pasture. Correspondingly, we ran 'no pasture' simulations considering only cropland and built-up area. Earlier studies (Joos et al., 2001; Gerber et al., 2004) identified the stimulation of carbon uptake by rising CO 2 levels enhancing water use efficiency (CO 2 fertilization) and the release of carbon in response to heat stress and accelerated soil respiration under warming climate as the dominant mechanisms governing changes in carbon storage in LPJ-DGVM. In the 'constant climate' simulations, the climate sensitivity is set to zero and no long-term climate change is simulated. In the 'no CO 2 fertilization' simulations, CO 2 is kept at its pre-industrial value in the LPJ-DGVM module.
Atmospheric CO 2 would have evolved differently in the absence of LULUC than observed. Different atmospheric CO 2 concentration histories yield different evolutions of climate (in response to CO 2 forcing) and of terrestrial carbon stocks (in response to CO 2 fertilization and climate change). Thus, to be able to estimate the total earth system impact of LULUC, we use a standard model setup where atmospheric CO 2 is simulated throughout the whole simulated period. Consequently, the baseline simulation and the simulation with land use have different CO 2 concentrations and climate.
In addition, simulations have been performed with atmospheric CO 2 before 2000 A.D. prescribed according to observations ('CO 2 prescribed'). The historical part of these simulations is compared with earlier studies using terrestrial models off-line (e.g. McGuire et al., 2001) . The future part, on the other hand, is used to compare different scenarios of land use (with and without pasture) and emissions and land use change (A2, B1, B2) with a common starting point at the year 2000.
The inertia related to land use processes and the commitment of past LULUC on future atmospheric CO 2 and climate is quantified with simulations in which land use change is stalled at 2000.
LPJ-DGVM is spun up from bare ground for 1000 yr under pre-industrial CO 2 , a baseline climate that includes interannual variability (Leemans and Cramer, 1991; Cramer et al., 2001 ) and the land cover distribution for 1700 AD. At year 400, soil carbon is set to the equilibrium value corresponding to current litter input and decomposition rates. The spin-up is continued for another 600 yr to reach equilibrium. No spin-up is required for the other BernCC model components. In transient simulations, the LPJ-DGVM module is forced by the boundary conditions as described in Sections 2.3 and 2.4.
Land use flux analysis
The impact of LULUC on the terrestrial carbon cycle is assessed as the difference L in the net terrestrial uptake F between the simulations without land use (nolu) and with land use (lu):
Note that the evolution of CO 2 and climate is different in the two cases, as described in the previous section. L includes carbon (release) fluxes caused by land use and (uptake) fluxes prevented by land use, and can be formally regarded as a net flux, here referred to as land use flux. L can be split into three terms for each grid cell. The first represents the consequence of the removal of natural vegetation, and its replacement with agricultural vegetation on croplands/pastures (which are also exposed to different CO 2 /climate under the land use scenario). As will be discussed in Section 3, the main effect of this replacement is a loss of carbon sinks, because natural forests accumulate more carbon under elevated CO 2 than do cropland and pasture. The second-term captures the effect that the change in atmospheric CO 2 and climate due to LULUC affects uptake on natural lands. Hence the name 'land use feedback'. The third term describes the release of carbon through harvest losses and decay of wood products from the conversion of natural land (see Fig. 2 ). In sum,
where A is the area of natural lands, n is the net carbon uptake (including disturbance) on natural land, u is the net uptake on used land, denotes differences between simulations without land use and with land use. Thus, A is the area under land use and n is the difference in net uptake on natural land between the simulation without and with land use. Note that A lu is the natural area in the land use case. t is time and t 0 refers to the pre-industrial initial state of the simulation. The fate of carbon on converted land simulated by the model as described in Section 2.3 is governed by the overturning time scales of products, soil and litter pools. It is symbolically represented in eq. (5) by a 'response function' r. How is our approach related to other approaches to quantify a land use carbon flux? Modelling studies with prescribed CO 2 concentrations (e.g. McGuire et al., 2001 ) neglect the effect of LULUC on CO 2 and climate. Consequently, the 'land use feedback' is also neglected, and the 'replaced sinks/sources' flux is computed with the net uptake flux on natural land (n) simulated for prescribed (observed) CO 2 instead of the hypothetical CO 2 concentration corresponding to a scenario without LULUC.
The book-keeping approach neglects any interactions between climate, CO 2 and terrestrial carbon fluxes, captured by the lost sinks and land use feedback terms, and includes only carbon emissions directly related to the conversion of natural land and regrowth on abandoned land.
Of the fluxes accounted for in a book-keeping model, the product decay term in LPJ covers the immediate carbon loss to the atmosphere during harvest and fluxes from the product pools.
The remaining fluxes contribute to the 'replaced sinks/sources' term: Harvest losses that enter the land use litter pools affect the net uptake flux on area under land use (u) in LPJ. Similarly, regrowth is treated as part of the uptake on natural land (n) in LPJ.
The book-keeping approach corresponds approximately to calculating L from simulations without climate change and CO 2 fertilization.
1 The book-keeping flux is also roughly comparable to the sum of the changes in carbon stocks on the converted lands as given in Table 2 (differences arise because the table is derived from a simulation with prescribed historical CO 2 and climate affecting carbon fluxes, and does not include the product pools).
Our set of sensitivity simulations (Table 1) was also used to estimate the contributions of CO 2 fertilization and climate to the individual terms in eq. (5), as detailed in Appendix A (the individual fluxes are shown in Table 3 and Fig. 8) .
The fluxes contributing to L that are considered in the bookkeeping approach scale roughly with the rate of land conversion (dA/dt). These fluxes will vanish on the typical time scales of regrowth and decay of products and slash if the transformation of land is halted. In contrast, the fluxes related to feedbacks with atmospheric CO 2 and climate scale either with the area under land use ('replaced sinks/sources') or with the area covered by natural land ('land use feedback'). These fluxes will be of continuous importance even after land transformation is halted.
Results

Role of land use during the past 300 yr
As expected, the simulation without land use fails to reproduce the historical atmospheric CO 2 concentrations from ice core and atmospheric measurements (Fig. 3) . The model performance is much improved by considering land use. Using the full land use data set including pasture gives a good match with the record over most of the industrial period. In the latter half of the 20th century, atmospheric CO 2 is overestimated by about 10 ppm. Here, the measurement data are bracketed by the simulations with and without pasture.
Land use is found to be an important contributor in the historical carbon budget, in agreement with earlier estimates (see Houghton, 2003 and references therein) . Land use leads to a loss of 188 Gt C of terrestrial carbon by the year 2000 in the standard simulation. This is comparable to the cumulative fossil CO 2 emissions of 274 Gt. When the effect of pastures is neglected, the land use flux is 84 Gt C. Thus pasture and cropland have an impact of comparable magnitude, in contrast to other studies that rank pasture second in importance to cropland (e.g. Houghton and Goodale, 2004) . Table 2 . Breakdown by biomes of carbon stocks in 1700 (after spinup) and stock changes by 2000 for a simulation with prescribed atmospheric CO 2 including cropland, built-up area and pasture. Totals are subdivided into landuse categories in 2000 and carbon pools. Land use categories considered include areas in use (crop/built-up or pasture) since pre-industrial times ('old LU'), areas turned into cropland/built-up ('new cropland') and pasture by 2000 ('new pasture'), and remaining natural area in 2000 including abandoned land ('natural'). Carbon pools include live vegetation and the combined litter and soil pools. Biomes are determined from the simulated vegetation after spinup using the algorithm described in Joos et al. (2004) . Temperate and warm temperate forest from Joos et al. (2004) are lumped together as 'temperate'; tropical desert, tundra and polar biomes are lumped together as 'other'. Summing initial carbon and carbon change over all land use categories gives total terrestrial carbon at 1700 and the difference in terrestrial carbon between 1700 and 2000, respectively. Carbon stock densities and changes per area can be obtained by dividing each value by the corresponding area given in rows 1-4 The impact per unit area is higher for cropland than for pasture, since cropland accounts for only 30-40% of the land use area in the HYDE3.0 data set. The consequences of land conversion for carbon storage depends on the biome affected. A breakdown of converted areas, carbon stocks and stock changes by biome was calculated using the biome mapping scheme described in Joos et al. (2004) (Table 2 ). It shows that almost 80% of the area converted for pasture since 1700 is claimed from natural lands without closed forest cover ( Table 2) . The remaining 20%, however contribute about 70% of the direct carbon emissions, owing to much greater biomass density of forests (tropic, temperate and boreal; Table 2 ). Consequently, carbon emissions calculated from LUC are sensitive to errors in the simulated extent of natural forests.
To assess the possibility of overestimated carbon emissions due to conversion of forest to pasture, an attribution of converted areas to biomes similar to that in Table 2 was done for a simulation using the HYDE2.0 data set. Pasture areas converted from different biomes were also computed based on the biome distribution given in the HYDE2.0 data set (the HYDE3.0 data do not contain biome information and can therefore not be used for this comparison). In the simulation, 5.5 Mio. km 2 of forested lands, and 21.3 Mio. km 2 from non-forest lands are converted to pasture over the period from 1700 to 1990 spanned by the land use data. These values are similar to those shown in Table 2 not agree, because conversions of pasture to cropland, which are common in the original data are partly masked by the aggregation on the coarser LPJ grid. Consequently, conversion of natural areas is attributed to cropland and pasture proportionally. Nevertheless, the magnitude of the simulated deforested area due to pasture expansion compares well with the HYDE2.0 data set, suggesting that this is not a major source of error. Also, the carbon losses on formerly forested and non-forested lands converted to pasture computed for the HYDE2.0 simulation (−73.2 and −40.1 Pg, respectively) are quite similar to the losses reported in Table 2 (−80.5 and −31.7 Pg).
Emissions also strongly depend on biomass densities. Biomass densities can be computed from Table 2 by dividing carbon stocks by the corresponding areas. Brovkin et al. (2004) report that LPJ tends to overpredict carbon storage in the forests and woodlands of European Russia and Eastern Europe. A comparison with other publications suggests that the biomass densities simulated by our version of LPJ are also too high in temperate and boreal forests (Sabine et al., 2004b; Houghton, 2005) , although Houghton (1999) reports similar values as simulated here.
Simulated global land use flux (Fig. 4) is below 0.3 Gt yr (Fig. 4) . The Houghton estimate for the second half of the 20th century shows a sharp increase, in contrast to our results. According to Houghton (2003) , this reflects tropical deforestation in that period. Similar results as reported here were found by McGuire et al. (2001) . Also, recent satellite-based studies find a tropical deforestation flux compatible with our results (Table 4 ; Achard et al. 2002 , DeFries et al. 2002 .
As DeFries et al. (2002) use a book-keeping model basically identical to that of Houghton (2003) , much of the discrepancy between these two estimates can be ascribed to differences in the land use data used. Similar to DeFries et al. (2002) , our simulations are based partly on satellite data, which may explain why the results are also similar. The contribution from wood harvest (without permanent clearing) and shifting cultivation may be a significant one that is not included in our model. Its true importance is, however, highly uncertain, owing to the poor data available about shifting cultivation (e.g. Houghton and Goodale, 2004 
Pre-industrial LULUC impact estimate
A considerable area had been used as croplands and pastures already in 1700. According to the HYDE3.0 data, land use was concentrated in Europe, central and east Asia at the time, and comprised about 5% of the global land area. Although not explicitly simulated, the impact of this pre-industrial LULUC in terms of a land use flux can be roughly estimated by comparing the initial states of the simulations with and without land use. This implies the assumptions that LULUC occurred slowly enough for the terrestrial carbon pools to be near steady state, and that carbon stored in wood products is negligible. After the spinup, the terrestrial biosphere in the simulation without LULUC stores about 2360 Gt carbon, 45 Gt more than in the land use simulation (23 more than in the simulation without pasture), which may be regarded as an estimate of the integrated pre-industrial land use flux. If released to the atmosphere at once, this would have caused the atmospheric CO 2 concentration to increase by 21 ppm (11 ppm without pasture), using a conversion factor of 2.121 Gt C ppm −1 . However, in the course of the centuries to millennia over which these emissions occurred, most of the carbon added to the atmosphere will have been absorbed by the ocean, allowing for a CO 2 rise of merely a few ppm (with an airborne fraction of about 14% for a 1000 yr of ocean uptake, the effect is about 3 ppm, or 1.5 ppm when neglecting pastures). This pre-industrial anthropogenic effect can thus account for at best a small fraction of the observed rise of about 25 ppm over the Holocene or an anthropogenic contribution of 14 ppm as postulated by Ruddiman (2005) . The same applies to the impact on climate (with 3 ppm corresponding to less than 0.05
• C global equilibrium temperature change for an equilibrium climate sensitivity of 3
• C).
How large is the terrestrial sink?
The record of historical atmospheric CO 2 from direct measurements and ice core data provides a boundary condition useful for constraining the exchange fluxes between the components of (Manning and Keeling, 2006; Plattner et al., 2002) with corresponding standard errors (bars; horizontal whiskers mark the time period of each estimate). Shaded band: flux inferred from budgeting fossil emissions, ocean uptake and atmospheric CO 2 , including an error range of ±1 std. dev. due to uncertainties in atmospheric CO 2 as estimated by Joos et al. (1999) , and due to uncertainties in ocean uptake, taken as 20% and industrial emissions, taken as 10% before 1950, and 5% after 1950 (Bruno and Joos, 1997) .
the global carbon cycle, for example, Siegenthaler and Oeschger (1987) , Enting et al. (1995) and Joos et al. (1999) . The simulated net terrestrial uptake fluxes are compared with independent estimates from atmospheric oxygen and CO 2 observations (Plattner et al., 2002; Manning and Keeling, 2006) and with results of a (updated) single deconvolution of the atmospheric CO 2 record (Joos et al., 1999) (Fig. 5) . In the single deconvolution, the net change in terrestrial carbon storage is computed as the difference between fossil emissions (Marland et al., 2006) Fig. 5 ; errors due to uncertainties in atmospheric CO 2 (Joos et al., 1999) are treated as independent from year to year; relative ocean uptake (20%) and industrial emission uncertainties (10% before 1950, and 5% after 1950; Bruno and Joos, 1997) are assumed to be constant over the respective integration periods.
C exchange (Gt C) 1700-1999 1980-1989 1990-1999 Atmospheric increase a 193 ± 2 3 2± 0 3 3 ± 0 Industrial emissions b 274 ± 17 54 ± 3 6 4 ± 3 Ocean-atmosphere flux −156 ± 31 −21 ± 4 −23 ± 5 Land-atmosphere flux from budget 75 ± 36 −2 ± 5 −7 ± 6 Simulated land-atmosphere flux 123 (−13) −2 (−11) −1 (−6) Flux unexplained by simulation −48 (89) −1 (8)
Land use flux c 188 (84) 15 (9) 11 (6) change in observed atmospheric and simulated oceanic carbon inventories. The simulated ocean carbon uptake of 137 Gt C between 1800 and 1994 is somewhat larger than the estimate of 118 ± 19 Gt C during the same period by Sabine et al. (2004a) . On the other hand, the ocean uptake of 23 Gt C for the 1990s, simulated with prescribed CO 2 , compares very well with the most recent estimate by the Intergovernmental Panel on Climate Change (Denman et al., 2007) of 22 ± 4 Gt C. Results from the LULUC simulation compare reasonably well with these independent estimates. In contrast, the simulation without land use does not match up with these estimates, in accordance with the comparison of atmospheric CO 2 pressure with the measurement record (Fig. 3) . The cumulative budget-derived net fluxes are summarized in Table 5 for the simulated period from 1700 to 2000, and for the eighties and nineties, along with the global net land-toatmosphere carbon fluxes as simulated by LPJ under the prescribed historical CO 2 levels and LULUC scenarios. The simulated terrestrial carbon release over the entire historical period is about 50 Gt C larger than the central estimate from the single deconvolution. This difference is just within the uncertainty of the single deconvolution estimate (2 SD = 72 Gt C). On the other hand, the simulated release in the land use simulations without pasture is almost 90 Gt C smaller than the single deconvolution estimate. Although the difference between simulated and budgetderived terrestrial release might be explained by uncertainties in the single deconvolution approach, there are likely additional factors contributing: (i) errors in the representation of LULUC given by model (omitted known processes) and data limitations;
(ii) unquantified error due to parameter uncertainties in the model and (iii) additional processes not known or accounted for.
In the last two decades before 2000, results from single deconvolution and LULUC simulation agree within ± one SD. It is tempting to attribute this to an improving quality of LULUC data towards the present. However, the detailed history of the fluxes (Fig. 5) does not support this interpretation, because most of the disagreement between the budget and the simulated uptake arises in the two decades around 1950, while before and after this period, the two estimates are compatible (Fig. 5) . This roughly corresponds to the time when the simulated CO 2 concentration (with full LULUC) is seen to depart from the observations, which show a temporary break in the steady rising CO 2 trend (Fig. 3) . The latter is not completely understood, but may be caused by ENSO-related decadal climate variability affecting the ocean and perhaps terrestrial uptake of CO 2 , a process not represented in the model (Etheridge et al., 1996) . Overprediction of land use emissions is an alternative possible reason for the overestimated CO 2 concentrations in this period, for example, due to too high simulated biomass combined with intense land use change (see also Section 3.1; Brovkin et al., 2004) .
A comparison of the land-atmosphere flux inferred from single deconvolution with the land use flux estimate suggests that there has been a significant terrestrial carbon sink in the past, known as the 'residual sink' (Denman et al., 2007) . Our results suggest that the residual sink flux was on average 1.8 Gt C yr −1 over the 1980s and 1990s and amounted to 113 Gt C over the period 1700 to 1999 AD (Table 5) . LPJ provides a plausible sink mechanism by CO 2 fertilization, which is however still too weak in the standard model setup to allow the model to closely reproduce the observed atmospheric CO 2 concentrations.
Land use in the 21st century
By the year 2100, atmospheric CO 2 concentrations are projected to rise to about 990, 590 and 710 ppm in A2, B1 and B2, respectively, with the standard model setup (Fig. 6) . The corresponding increases in global mean temperature over pre-industrial levels are 4.2, 2.8 and 3.2 K, respectively (Fig. 6) . Only in the scenario B1 the global change is seen to decelerate, while both A2 and B2 show a steadily rising trend in CO 2 and temperature until 2100.
Net terrestrial carbon uptake differs strongly between the scenarios A2, B1 and B2, and even more between the simulations with and without LULUC (Fig. 6) . In its consequences for atmospheric CO 2 and climate, these differences in terrestrial carbon uptake are dwarfed by the inter-scenario differences in indus- Fig. 6 . Net terrestrial carbon uptake, atmospheric CO 2 , and global temperature deviation for different fossil emission and land use scenarios. Before 2000, CO 2 is prescribed and net uptake is inferred from the CO 2 budget. The net uptake curves are not perfectly aligned in 2000 because of the spline smoothing applied. Fig. 7 . Net terrestrial carbon uptake, atmospheric CO 2 , and global temperature deviation for scenarios A2 and B1 with sensitivity settings and full land use. Before 2000, CO 2 is prescribed and net uptake is inferred from the CO 2 budget. The net uptake curves are not perfectly aligned in 2000 because of the spline smoothing applied. trial emissions. By 2100, LULUC results at most (i.e. in A2) in an additional 72 ppm CO 2 or 0.18 K warming, respectively. In comparison, scenarios A2 and B1 differ by 395 ppm or 1.37 K in 2100 (with land use included).
These results are sensitive to the uncertainty in the strength of CO 2 fertilization and climate change (Fig. 7) . Between the simulations where either fertilization or climate change is shut off, the spread in atmospheric CO 2 by the year 2100 is 270 ppm for scenario A2. The temperature range, including only the fertilization sensitivity, is 0.33 K (the simulation with climate sensitivity set to zero shows the impact of climate on CO 2 but not the feedback on the global temperature).
Fertilization acts as a negative feedback by absorbing some of the anthropogenic CO 2 . Climate provides a positive feedback on uptake similar in size and opposed to the fertilization feedback. With LULUC taken into account, the net terrestrial uptake over this century is only about 60 Gt C for A2 with standard settings. In contrast, setting the climate sensitivity to zero results in an uptake of about 300 Gt C in A2, whereas shutting off fertilization results in a release of almost 400 Gt C. Interestingly, while terrestrial uptake is higher in A2 when there is no climate change, it is higher in B2 when there is no fertilization. Also, when climate change is excluded, the negative fertilization feedback decreases the scenario-dependent spread in atmospheric CO 2 , while when climate alone is considered, the spread is increased due to the positive climate feedback.
Our estimates of the global land use flux in the 21st century of about 100-200 Gt C (Tables 6 and 3 , Fig. 8 ) is comparable to the historical flux in absolute terms. As noted, its relative contribution to the carbon budget decreases in relation to growing industrial emissions. The model uncertainty illustrated by the sensitivity simulations is reflected in the land use flux, particularly the uncertainty related to CO 2 fertilization (Table 6 ). The mechanisms of this interaction are investigated in Section 3.6.
Effect of global change on terrestrial carbon uptake
In LPJ, terrestrial carbon storage (Fig. 9) reacts to rising atmospheric CO 2 pressure and climate change in a number of ways: CO 2 fertilization enhances the uptake of carbon globally, and drives the biosphere towards a higher equilibrium carbon stock. The total uptake per unit area is globally quite uniform, except for somewhat higher uptake in the tropics and lower uptake in northern Siberia (cf. Table 2 ). In the tropics, it is the vegetation that stores most of the carbon added. In the temperate and boreal zones, soils take up an amount comparable to vegetation, because the slow decay of soil carbon allows for significant carbon storage.
Climate change leads to an increase in carbon at the northern fringe of boreal forests, which can be attributed to a northward migration of the treeline. In the temperate and boreal areas, carbon is released for two reasons: first, higher decay rates of soil carbon due to higher temperatures, and second, a reduction in forest areas in favour of grasslands. The latter is related partly to a strong reduction in the abundance of the boreal needle-leaved PFT due to heat stress, partly to a change in soil water availability. Thus, while loss of carbon dominates in simulations considering climate alone, in combination with fertilization a pattern of a northward-shift in carbon storage is seen in the northern hemisphere. In the tropics, the effect of climate change is a minor decrease of carbon stored in soils. Apart from that, climate change also interacts with fertilization to enhance or decrease uptake. Except for forest dieback, these changes are already seen in the historical simulations, particularly in the high latitudes, where climate signals are amplified. In the future part of the scenario simulations, the drivers and consequently, the effects, are much stronger.
Mechanisms of land use impact on the terrestrial carbon cycle
Land use interacts with this changing terrestrial biosphere as described by eq. (5) in Section 2.6. Using this equation, the different components contributing to the land use flux were quantified (Table 3 ). The most obvious and direct land use impact corresponds to the book-keeping flux, including the term 'product flux and harvest loss' and release of carbon from litter and soils following deforestation (included in the term 'replaced sinks/sources'). The book-keeping flux makes up the bulk of the LULUC flux in the past (Fig. 8) . Spatially, it corresponds neatly to the pattern of historical land use change (Fig. 10) . In comparison to the book-keeping study of Houghton (2003), our book-keeping flux is higher at all times up to the mid20th century, and the mismatch during that period is greater than with our total land use flux. The disagreement in the latter half of the 20th century, on the other hand, remains much the same.
The land use flux is modified by CO 2 fertilization. Fertilization provides a negative feedback in that land use CO 2 emissions stimulate CO 2 uptake. This land use fertilization feedback, which reduces the impact of land use on atmospheric CO 2 and climate is important in the past, amounting to about 25% of the bookkeeping flux [land use feedback in eq. (5), Fig. 8 ]. As indicated by eq. (5), the fertilization feedback is effective globally and correlates with the extent of forests (Fig. 10) .
A corresponding feedback effect exists with regard to climate change (eq. 5 and Appendix A). The land use-climate feedback enhances both the treeline extension in the north and the carbon loss further south. Because these processes are opposed, a minor net flux results (Fig. 8) . The remaining processes ('replaced sinks/sources', CO 2 -climate interactions) give rise to only small fluxes in the past because of the overall as yet moderate CO 2 /climate change.
For the future scenarios, the situation is largely reversed: Because land use as a driver becomes secondary to fossil emissions, so do the book-keeping and the fertilization feedback processes, which are driven by land use itself. Instead, it is now the interactions of land use with exogenously raised CO 2 levels that make up the bulk of the land use impact. The leading process is the replacement of forests, acting as a CO 2 -enhanced sink, by non-forest areas, which are weaker sinks (Fig. 8) , resulting in a net lost sink. Ciais (2003, 2004) have called this the land-use amplifier effect.
Thus, the difference in net terrestrial carbon uptake between scenarios is driven in the first place by the vastly different fossil emission rather than the land use scenarios themselves. The interaction with climate change further amplifies the impact of lost natural fertilization sinks or vice versa (represented by the difference between the actual and additive land use fluxes in Fig. 8 ). In accordance with the treatment laid out in Section 2.6, these 'replaced sinks/sources' fluxes correlate spatially with the total land use area A (Fig. 10) . This said, the scenarios used here project the use of arable land associated with simulated future food production, and hence do not consider a possible more extreme deforestation. Stronger deforestation could also be caused by further expansion of pasture area, which is kept approximately constant after 2000 due to the lack of a future scenario for pastures.
Land use commitment
The lost fertilization sinks, which have a potential to dominate the future land use impact, are related to the total land use area, not to ongoing land use change. In the scenarios used here, most of this area is already cleared by 2000, and human appropriation of land is indeed more limited than fossil emissions in that it cannot surpass historical levels by orders of magnitude. Thus, historical and current land use plays a potentially big role in the carbon cycle in the future. We quantify this role using the concept of 'land use commitment', which we define as the land use flux in a simulation in which land use area is kept constant after 2000, while fossil emissions evolve according to the scenarios (Fig. 11) .
A comparison of the land use commitment over the 21st century with the scenario land use fluxes (Table 6) shows that much of the future land use impact can be considered as already committed. Thus land use represents a legacy of human interaction with atmospheric CO 2 and ultimately, climate.
Discussion and conclusions
The role of LULUC in the carbon cycle with its implications for climate in the past and the future was investigated. The BernCC model, which includes the Lund-Potsdam-Jena dynamic global vegetation model (Gerber et al., 2003) was complemented with a spatially explicit representation of croplands, pastures, and builtup areas and their evolution over time. Estimates of land use area in the past were combined with post-SRES scenarios (A2, B1 and B2) into continuous land use scenarios from 1700 to 2100.
While the scenarios used here roughly span the range of industrial emissions given by the SRES/TAR illustrative marker scenarios, they all depict relatively small land use changes in the 21st century. Total land use area remains close to the present extent in all these scenarios. The overall importance of LULUC in the 21st century is overshadowed by the growing fossil CO 2 emissions in the scenarios considered. This is likely to be the case even in much more extreme deforestation scenarios.
LULUC leads to higher atmospheric CO 2 by causing release and preventing uptake of CO 2 by the terrestrial biosphere. This land use flux results from qualitatively different processes: (i) the 'book-keeping flux' includes C fluxes that result directly from land use change, as simulated by book-keeping models; (ii) the 'replaced sinks/sources' describe a net carbon loss on converted lands due to the replacement of natural vegetation by agriculture, which is less efficient as a carbon sink in LPJ and (iii) the 'land-use feedback' accounts for the effect of LULUC-induced changes in atmospheric CO 2 and climate on the productivity of the remaining natural lands.
The book-keeping flux has been dominating over the industrial period until the present. Its share in anthropogenic CO 2 emissions is comparable in magnitude to the cumulative fossil emissions. Accordingly, the land use flux must be accounted for in any model to realistically simulate atmospheric CO 2 and climate over the industrial period. This is successfully done in our land use model, which is based on spatially explicit representation of land use areas as an integrated part of the terrestrial biosphere. This approach is preferable over an exogenously prescribed deforestation flux, because the feedback between LU-LUC and atmospheric CO 2 and climate are accounted for. The land use-fertilization feedback has been important in the past. Although secondary to the book-keeping flux, the simulated fertilization feedback has led to a reduction of the net land use flux by about 25% of the book-keeping flux.
In the future scenarios, the 'replaced sinks/sources' flux increases in parallel with rising atmospheric CO 2 . It surpasses the book-keeping and land-use feedback fluxes. Lost sinks are Tellus 60B (2008), 4 essentially the areas under land use. In the scenarios used here, most of the area under land use by 2100 is already converted today. Consequently, there is a commitment to future climate change due to past LULUC. Possible scenarios featuring more extreme deforestation scenarios would imply higher bookkeeping fluxes. However, as more deforestation would also mean more natural carbon sinks lost and higher CO 2 , the commitment flux is likely to remain dominant in a large range of conceivable scenarios. Thus the conclusion is robust in that respect that most of the future LULUC land use flux is due to a commitment from past land use change.
The importance of the land use commitment leads us to deemphasize the traditional book-keeping flux when considering the role of LULUC in the future. This conclusion hinges on the magnitude of productivity stimulation by elevated CO 2 , and other factors not explicitly considered here, such as nitrogen deposition. A similar commitment effect could arise from different soil overturning rates on agricultural versus natural land. The effectiveness of these mechanisms and of CO 2 fertilization in particular in real ecosystems and under much higher CO 2 levels is still very unclear. Therefore, to understand the role of LULUC, we need to understand fertilization mechanisms.
The global carbon budget suggests a strong residual sink, which is commonly attributed to the terrestrial biosphere. In the model, CO 2 fertilization provides such a terrestrial sink, which is required to realistically reproduce historic CO 2 concentrations. This sink is indeed still too weak to match the residual sink inferred from the global carbon budget. On the other hand, this mismatch could equally well be due to the omission or misrepresentation of another process, whether related to land use or not. Our land use model omits forestry as well as other management practices, which are partly accounted for in Houghton (2003) . However, Houghton and Goodale (2004) argues that these are of secondary importance in comparison to cropland and pasture expansion. The role of shifting cultivation and forest degradation is potentially more important (Houghton and Goodale, 2004) , but is hardly quantifiable for lack of reliable data. In light of this uncertainty, we see the 'first-order approach' of including only the reasonably quantifiable and important effects justified.
In contrast to most previous studies, the newly available HYDE3.0 data allowed us to take pastures into account, at least for the past and to some extent into the future. Although the land use flux per unit area from pastures is on average smaller than that of cropland, due to the larger spatial extent of pastures, both cropland and pasture are of similar importance. In contrast, Houghton and Goodale (2004) rank LULUC for pasture secondary in importance to cropland with a carbon source a third the size of the latter. Apart from the latter half of 20th century, our book-keeping flux estimates are higher than those by Houghton (2003) , which also include pasture. Part of this discrepancy most likely stems from the input data; a discussion of their limitations is beyond the scope of this paper. But a significant remaining difference may be due to the way land conversion for pasture is modelled.
Deviations between simulated and actual vegetation distribution are one source of error. However, the distribution of pasture areas claimed from forested vs. non-forested biomes in a simulation using the HYDE2.0 data is similar to that obtained from the biome distribution given in the original HYDE2.0 data set. This result does not suggest major errors to arise from the simulated vegetation distribution. Another possibility is that pasture expansion does not affect the natural vegetation as strongly as assumed here. Houghton (1999) , e.g., assumes that pastures are claimed from natural grassland in North America and China, without affecting carbon storage. For comparison, we estimate losses in total carbon due to pasture expansion on savannah and dry grass/shrub lands of 34 Gt C worldwide (Table 2) . A third possibility is overprediction of biomass per area. Brovkin et al. (2004) relate overprediction of CO 2 emissions to cropland changes in the 1950s in temperate regions with too high simulated carbon stocks. A similar effect might contribute to the overestimate of CO 2 seen here (Fig. 3) , although in the HYDE3.0 data the timing and spatial distribution of LUC does not show such a clear pattern as in the data of Ramankutty and Foley (1999) used by Brovkin et al. (2004) . Data on carbon stocks of different biomes have large uncertainties (Houghton, 1999; Sabine et al., 2004b; Houghton, 2005) . The recent assessment by Sabine et al. (2004b) suggests that LPJ strongly overpredicts carbon storage in boreal forests, and underpredicts soil carbon storage in tropical forests. Boreal forests only contribute about 15 Gt C to the total simulated emissions of about 200 Gt C (Table 2) . Emissions from tropical soils might be some 20 Gt higher than the estimated 14 Gt found here (Table 2 ). In conclusion, the global land use flux is not strongly biased by any one of these sources of error.
This study does not account for biogeophysical effects of LULUC, as described by Sitch et al. (2005) , Brovkin et al. (2004) . The leading biogeophysical effect of LULUC arises from the strong difference in albedo between snow-covered forests and grassland. Although there is considerable uncertainty in the quantification of this albedo difference in state-of-the-art climate models (Roesch, 2006) , it should be noted that the LULUCrelated albedo change results in a cooling effect opposed to and potentially compensating or even overcompensating the radiative forcing of the land use CO 2 flux (Bala et al., 2007) . Ruddiman (2005) presents an update of his 'anthropogenic hypothesis', according to which land use caused the atmospheric CO 2 increase of about 14 ppm over the past 11 kyr. This anthropogenic CO 2 rise is supposed to have prevented a cooling of the global climate and the onset of a new ice age. Based on the HYDE land use map for 1700 we estimate the potential impact of LULUC on atmospheric CO 2 in pre-industrial times to a few ppm-much less than the postulated 14 ppm. Accordingly, the potential impact of pre-industrial anthropogenic emissions on climate is negligibly small.
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For the present study, the partitioning of shading mortality was changed: shading is partitioned in proportion to the total FPC of each PFT, as opposed to the FPC increment. This approach avoids the aforementioned problems while allowing for reasonable competition among PFTs.
